The monocytic leukemia zinc ®nger protein MOZ and its homologue MORF have been implicated in leukemogenesis. Both MOZ and MORF are histone acetyltransferases with weak transcriptional repression domains and strong transcriptional activation domains, suggesting that they may function as transcriptional coregulators. Here we describe that MOZ and MORF both interact with Runx2 (or Cbfa1), a Runt-domain transcription factor that is known to play important roles in T cell lymphomagenesis and bone development. Through its C-terminal SM (serine-and methioninerich) domain, MORF binds to Runx2 in vitro and in vivo. Consistent with this, the SM domain of MORF also binds to Runx1 (or AML1), a Runx2 homologue that is frequently altered by leukemia-associated chromosomal translocations. While MORF does not acetylate Runx2, its SM domain potentiates Runx2-dependent transcriptional activation. Moreover, endogenous MORF is required for transcriptional activation by Runx2. Intriguingly, Runx2 negatively regulates the transcriptional activation potential of the SM domain. Like that of MORF, the SM domain of MOZ physically and functionally interacts with Runx2. These results thus identify Runx2 as an interaction partner of MOZ and MORF and suggest that both acetyltransferases are involved in regulating transcriptional activation mediated by Runx2 and its homologues.
Introduction
Deregulation of gene expression at the transcriptional level is a hallmark of oncogenic transformation. Indeed, genes of many DNA-binding transcription factors are frequently rearranged in cancer patients (Look, 1997; Semenza, 1998) . In the past decade, numerous studies have established that DNA-binding transcription factors recruit coactivators or corepressors to speci®c promoters to regulate transcription. Transcriptional coactivators have been found to possess histone acetyltransferase (HAT) activity (reviewed in Kouzarides, 2000; Sterner and Berger, 2000; Jenuwein and Allis, 2001; Nakatani, 2001 ). Analogous to DNA-binding transcription factors, these coactivators are also frequent targets of cancer-associated chromosomal rearrangements. Consistent with this notion, leukemia-associated chromosomal translocations have been found to alter the well-known transcriptional coactivators CBP and p300 (Borrow et al., 1996; Ida et al., 1997; Rowley et al., 1997; Satake et al., 1997; Sobulo et al., 1997; Taki et al., 1997; Chaanet et al., 1999 Chaanet et al., , 2000 Jacobson and Pillus, 1999; Lavau et al., 2000; Panagopoulos et al., 2000; Kitabayashi et al., 2001b) . For example, their genes were discovered to be rearranged in the reciprocal translocations t(8;16)(p11;q13) and t(8;22)(p11;q13), respectively (Borrow et al., 1996; Chaanet et al., 1999 Chaanet et al., , 2000 Panagopoulos et al., 2000) . In both cases, the fusion partner was identi®ed as the monocytic leukemia zinc ®nger protein (MOZ) (Figure 1) . In several leukemia patients with inv(8)(p11q13), the MOZ gene was shown to be linked to the TIF2 gene (Carapeti et al., 1998 (Carapeti et al., , 1999 Liang et al., 1998) . The human MORF (MOZrelated factor) gene was mapped to 10q22 (Champagne et al., 1999) , and was recently discovered to be fused to the CBP gene in a leukemia patient with t(10; 16)(q22;p13) (Panagopoulos et al., 2001) . As indicated by the breakpoints shown in Figure 1 , one common feature of these chromosomal abnormalities is that they produce aberrant proteins with the C-terminal SM (serine-and methionine-rich) domain of MOZ or MORF replaced by the C-terminal part of CBP, p300 or TIF2, suggesting that removal of the SM domains may contribute to leukemogenesis. These domains have been shown to possess transcriptional activation potential (Champagne et al., 1999 (Champagne et al., , 2001 . One interesting but unaddressed question is whether MOZ and MORF interact with transcription factors and directly regulate transcription.
Both MOZ and MORF are members of the MYST protein family. The acronym MYST is from its four founding members: MOZ (Borrow et al., 1996) , YBF2/ SAS3 (Reifsnyder et al., 1996; Takechi and Nakayama, 1999) , SAS2 (Reifsnyder et al., 1996) , and TIP60 (Kamine et al., 1996; Yamamoto and Horikoshi, 1997; Ran and Pereira-Smith, 2000) . Additional MYST proteins include yeast ESA1 (Smith et al., 1998; Clarke et al., 1999) , Drosophila MOF (Hil®ker et al., 1997; and Enok (Scott et al., 2001) and human HBO1 (Iizuka and Stillman, 1999) . Except for SAS2 and Enok, MYST family members have been shown to possess HAT activity. Due to their distinct domains, members of this family have diverse functions, including roles in epigenetic control (Reifsnyder et al., 1996; Hil®ker et al., 1997; Galarneau et al., 2000; Ikura et al., 2000) , transcriptional regulation (Allard et al., 1999; Brady et al., 1999; John et al., 2000; Reid et al., 2000; Sharma et al., 2000; Brown et al., 2001; Hassan et al., 2001) , DNA replication (Iizuka and Stillman, 1999; Burke et al., 2001) , DNA repair (Ikura et al., 2000) , chromatin assembly (Meijsing and Ehrenhofer-Murray, 2001; Osada et al., 2001) , cell cycle progression (Smith et al., 1998; Clarke et al., 1999; Yan et al., 2000; ) and cellular signaling (Cao and Sudhof, 2001; Lee et al., 2001; Sheridan et al., 2001 ). Since they possess several unique domains (Figure 1 ), MOZ and MORF may function dierently from other MYST members. A recent report on Querkopf mice has yielded good insight into the function of MORF in vivo (Thomas et al., 2000) . Because of integration of a gene-trapping reporter at a 5'-noncoding exon of the MORF gene, these mice produce MORF transcripts only at a residual level. Homozygotes display defects in calvarial bone and cerebral cortex development. This important ®nding suggests that if it is a transcriptional coregulator, MORF may interact with transcription factors important for bone or cerebral cortex development. However, this intriguing possibility remains to be investigated.
The Runt-domain transcription factor Runx1 (also known as AML1 or Cbfa2) is an essential regulator of fetal liver hematopoiesis (Westendorf and Hiebert, 1999; Wheeler et al., 2000) , and its gene is frequently rearranged in leukemia patients (Speck et al., 1999) . Runx2 (also known as Cbfa1 or AML3) displays extensive sequence similarity to Runx1, and functions as a novel oncogenic eector for T-cell lymphoma (Vaillant et al., 1999; Blyth et al., 2001) . Runx2 also plays an essential role in controlling osteoblast dierentiation and bone formation (Ducy et al., 2000; Wheeler et al., 2000) . Here we present data to show that MOZ and MORF physically and functionally interact with Runx2. The results strongly suggest that MOZ and MORF are involved in regulating gene expression controlled by Runx2 and its homologues.
Results

Identification of Runx2 as a MORF interaction partner
Compared to other MYST family members, MOZ and MORF possess unique structural domains (Figures 1  and 2a) . While the N-terminal part of MORF constitutes a weak transcriptional repression domain, its C-terminal SM domain acts as a strong transcriptional activation domain (Figure 1 ), suggesting that MORF may be a transcriptional coregulator. To corroborate this contention, we sought to identify functional partners of MORF. Since it is widely expressed in adult human tissues (Champagne et al., 1999) , MORF may interact with dierent target transcription factors. To identify these targets, we took several approaches, one of which was to use an in vitro protein ± protein interaction assay to test transcription factors available to us. In this assay, Flag-MORF was immobilized on anti-Flag M2 agarose and used to retain transcription factors synthesized in vitro. MEF2C, MEF2D, Oct1, Oct2, Smad2, Smad3, FKHR and Sox9 were ®rst analysed, and none of these transcriptions factors were retained by M2 agarose immobilized with Flag-MORF (data not shown), indicating that they are not interaction partners of MORF.
During the course of these experiments, Querkopf mutation was reported to decrease MORF transcripts to a residual level and cause developmental defects in cerebral cortex and calvarial bones (Thomas et al., 2000) , suggesting that MORF may regulate gene expression during neurogenesis and bone development. It is well known that Runx2 plays a major role in bone morphogenesis (reviewed in Ducy et al., 2000; Wheeler et al., 2000) , so we asked whether it interacts with MORF. To test this, Runx2 was synthesized in vitro and subjected to the Flag-MORF binding assay just 
Interaction of the SM domains of MOZ and MORF with Runx2
We next mapped the domain(s) of MORF that mediates its binding to Runx2. For this, we expressed MORF fragments (Figure 2a) as Flag-tagged fusion proteins in 293 cells with or without HA-tagged Runx2. Expressed proteins were immunoprecipitated on anti-Flag M2 agarose, and precipitated proteins were eluted with Flag peptide and subjected to Western blotting analyses. These assays revealed that HA- Except for the PQ insertion, the SM domain of MOZ is highly similar to that of MORF (Figure 1 ; Champagne et al., 1999) , so MOZ may also interact with Runx2. To test this, the SM domain of MOZ was expressed as a Flag-tagged fusion protein and subjected to co-immunoprecipitation and Western blotting analysis. As shown in Figure 2d (upper panel), this fusion protein was expressed and puri®ed as expected. Importantly, Runx2 speci®cally co-immunoprecipitated with Flag-MOZ-SM ( Figure 2d , lower panel). Therefore, the SM domain of MOZ also interacts with Runx2.
MBP (maltose-binding protein) pull-down assays were used to test whether the interaction between Runx2 and the SM domain of MORF is direct. As shown in Figure 2e (lanes 1 ± 3), MBP-SM, but not MBP, retained Runx2, supporting that Runx2 directly interacts with the SM domain of MORF. Fragments S and M were then expressed and analysed (Figure 2a) . Like MBP-SM, MBP-S and MBP-M speci®cally associated with Runx2 ( Figure 2e , lanes 4 ± 9), indicating that both fragments S and M bind to Runx2. This ®nding suggests that the overlapping region of fragments S and M may contribute to the binding.
Mapping the MORF-binding sites in Runx2
To locate the MORF-binding site(s), Runx2 deletion mutants ( Figure 3a) were produced in reticulocyte lysates and used for analysis of interaction with MBP-SM. Deletion mutants 1 ± 373, 1 ± 235 and 235 ± 528 ( Figure 3a) were ®rst tested. As shown in Figure 2b , like full-length Runx2 (lanes 1 ± 3), deletion mutants 1 ± 373 (lanes 4 ± 6) and 235 ± 528 (lanes 10 ± 12) speci®cally associated with MBP-SM, whereas deletion mutant 1 ± 235 (lanes 7 ± 9) did not display speci®c binding to MBP-SM. These results suggest either that residues 235 ± 373 of Runx2 contain the MORFbinding site or that Runx2 has two binding sites with one residing within residues 1 ± 373 and the other within residues 374 ± 528. To distinguish between these two possibilities, we analysed mutants 235 ± 468, 374 ± 528 and 235 ± 373 ( Figure 3a) . As shown in Figure 3c , mutants 235 ± 468 (lanes 1 ± 3) and 374 ± 528 (lanes 4 ± 6), but not 235 ± 373 (lanes 7 ± 9), speci®cally interacted with MBP-SM. This ®nding is consistent with the possibility that Runx2 possesses two MORF-binding sites. For the one within residues 1 ± 373, the whole region may be required for binding since neither 1 ± 235 (Figure 2b , lanes 7 ± 9) nor 235 ± 373 (Figure 2c , lanes 7 ± 9) interacted with Runx2. To substantiate the conclusion that residues 374 ± 468 of Runx2 constitute the other MORF-binding site, we asked whether this region of Runx2 is sucient for MORF binding.
Deletion mutant 374 ± 468 (Figure 3a ) was thus expressed and analysed for binding to MBP-SM. As shown in Figure 3c (lanes 10 ± 12), this mutant was speci®cally retained by agarose beads immobilized with MBP-SM, indicating that residues 374 ± 468 constitute a MORF-binding site. To further map this binding site, we tested the following deletion mutants: 235 ± 427, 235 ± 440, 235 ± 458 and 410 ± 528 ( Figure 3a) . As shown in Figure 3d , MBP-SM interacted with 235 ± 440 and 235 ± 458, but only minimally with 235 ± 427 and 410 ± 528. Together, these results indicate that residues 1 ± 373 and 374 ± 440 of Runx2 constitute two MORF-binding sites in vitro.
To verify this conclusion, we examined how deletion mutants 1 ± 468 and 1 ± 373 interact with the SM domain of MORF in vivo. For this, Flag-SM, HA-Runx2 and HA-tagged Runx2 mutants were expressed for coimmunoprecipitation. As shown in Figure 3e , full-length Runx2 and mutant 1 ± 468 similarly co-immunoprecipitated with Flag-SM, whereas mutant 1 ± 373 weakly coimmunoprecipitated with Flag-SM, indicating that the MORF-binding site within residues 374 ± 468 of Runx2 is stronger than that within residues 1 ± 373 in vivo. These results further support the conclusion that Runx2 has two MORF-binding sites.
Residues 374 ± 468 of Runx2 display signi®cant sequence similarity to the corresponding region of Runx1, raising the interesting possibility that the SM domain of MORF may interact with Runx1. To test this, Flag-SM was expressed with or without HA-tagged Runx1 in 293 cells. Expressed proteins were subjected to immunoprecipitation and Western blotting analyses. Consistent with the sequence similarity between Runx1 and Runx2, HA-Runx1 speci®cally co-immunoprecipitated with Flag-SM (Figure 3f) , indicating that the SM domain of MORF also interacts with Runx1.
Acetylation of Runx2 by MORF
Physical association of MORF with Runx2 suggests that they may functionally interact with each other. CBP, p300 and PCAF can acetylate non-histone proteins (reviewed in Kouzarides, 2000; Sterner and Berger, 2000) and MORF contains HAT activity comparable to that of PCAF Champagne et al., 1999) , so an interesting possibility is whether MORF acetylates Runx2 and regulates its function. To investigate this possibility, Runx2 was expressed in Sf9 cells and anity-puri®ed as a Flagtagged fusion protein. Flag-Runx2 was analysed for acetylation. As previously reported (Champagne et al., 1999) , Flag-MORF eciently acetylated itself and histones (Figure 4, lane 1) . By contrast, acetylation of Flag-Runx2 by Flag-MORF was undetectable (lane 2), indicating that MORF is unable to acetylate Runx2.
Effects of MOZ and MORF on Runx2-dependent transcriptional activation
The SM domain of MORF physically interacts with Runx2 ( Figure 2 ) and possesses potent transcriptional (Figure 5a ). Importantly, this transactivation was stimulated in a dose-dependent manner when increasing amounts of Flag-SM were coexpressed with a ®xed amount of Runx2 (Figure 5a ). In the absence of co-transfected Runx2, expression of Flag-SM had a minimal eect on luciferase reporter activity (Figure 5a ), indicating that the observed transactivation by Flag-SM is Runx2-dependent. To test whether the functional cooperation between Runx2 and Flag-SM is cell line-dependent, similar assays were carried out in two other cell lines. In 293 cells, exogenous expression of Runx2 led to 107-fold activation of reporter gene expression, and this transactivation dramatically increased (13.3-fold) when Flag-SM was co-expressed (Figure 5b) . In NIH3T3 cells, exogenous expression of Runx2 activated reporter gene expression 96-fold, and this transactivation increased further (2.2-fold) when Flag-SM was coexpressed ( Figure 5c ). To assure that these results are related to native Runx2-dependent promoters, we tested the luciferase reporter OG2-Luc, in which the luciferase gene expression is driven by a mouse osteocalcin promoter fragment (Ducy and Karsenty, 1995) . As shown in Figure 5d , exogenous expression of Runx2 activated the reporter gene expression 1.5-fold, and co-expression of Flag-SM stimulated this transactivation 2.0-fold. Taken together, these ®ndings indicate that the SM domain of MORF potentiates Runx2-dependent transcription in dierent cell lines.
Like that of MORF, the SM domain of MOZ binds to Runx2 (Figure 2e ) and has transcriptional activation potential (Champagne et al., 2001 ), so we wondered whether MOZ regulates Runx2-dependent transcription. As shown in Figure 5e , co-expression of the SM domain led to potentiation of Runx2-dependent transcription, indicating that the SM domain of MOZ is able to regulate transcriptional activation by Runx2.
To determine how endogenous MORF aects Runx2-dependent transcriptional activation, we utilized fragment M or MORF as a dominant-negative mutant (Figure 2a) . This fragment is able to interact with Runx2 (Figure 2e ), but possesses no transcriptional activation potential (Champagne et al., 1999) . Therefore, if overexpressed, fragment M may compete with endogenous MORF for Runx2 binding and interfere with the ability of endogenous MORF to regulate Runx2-dependent transcription ( Figure 6a ). As shown above, exogenous expression of Runx2 stimulated luciferase reporter activity (Figure 6b) . Importantly, in a dose-dependent manner, expression of fragment M inhibited transcriptional activation by Runx2 ( Figure  6b ). Similar results were obtained with ROS17/2.8 cells (Figure 6c ). Fragment M was found to be unstable (data not shown), so it could not be highly expressed to exert more dramatic eects. Together, these ®ndings suggest that endogenous MORF is required for Runx2-dependent transcriptional activation.
To substantiate this conclusion with dierent assays, antisense inhibition was performed. Co-transfection of an antisense construct that contains a 1.6-kb MORF cDNA fragment inhibited Runx2-dependent transcriptional activation in a dose-dependent manner, whereas the corresponding sense construct had minimal eects (Figure 6d ). RNA interference has been recently reported to be functional in cultured mammalian cells (Elbashir et al., 2001 ), so we asked how co-transfection of the sense and antisense constructs may aect Runx2-dependent transcriptional activation. As shown in Figure 6d , cotransfection of both constructs further reduced the luciferase reporter activities that were normalized against the internal b-galactosidase control. Therefore, these results provide additional support for the above conclusion that endogenous MORF is required for Runx2-dependent transcriptional activation.
Effect of Runx2 on the transcriptional potential of the MORF SM domain
It has been established that when tethered to promoters, the SM domain of MORF is able to activate transcription (Champagne et al., 1999) . The physical interaction of Runx2 with the SM domain of MORF (Figure 2 ) raises the intriguing possibility that Runx2 may regulate the function of the SM domain. To test this, the reporter Gal4-tk-Luc (Figure 7a ) was transfected along with expression plasmids for Gal4-SM and Runx2. As shown in Figure 7b , Runx2 inhibited transcription activated by Gal4-SM. To determine the speci®city of this inhibition, we assessed eects of Runx2 on transcription that is dependent on the VP16 transcriptional activation domain. Runx2 did not inhibit transcriptional activation by Gal4-VP16 (data not shown), suggesting that the observed inhibition is speci®c. To determine whether the inhibition is due to secondary eects of Runx2- N Pelletier et al dependent expression of cellular genes, a Runx2 point mutant (L175D) was engineered. A similar Runx1 mutant is known to be defective in transcriptional activation (Strom et al., 2000) . Like wild-type Runx2, the L175D mutant inhibited transcriptional activation by Gal4-SM (data not shown). Therefore, Runx2 is able to negatively regulate the transcriptional activation potential of the SM domain of MORF (Figure 7c , upper part).
Discussion
Association of MOZ and MORF with Runx2
The results presented herein demonstrate that Runx2 binds to MOZ and MORF. First, in vitro binding assays indicate that Runx2 associates with full-length MORF (Figure 2a,b) . Second, immunoprecipitation experiments reveal that Runx2 binds to the SM domain but not the PHD ®ngers or the HAT domain of MORF (Figure 2 ). Third, in agreement with its high sequence homology with the corresponding region of MORF, the SM domain of MOZ interacts with Runx2 in vivo (Figure 2d ). Fourth, Runx2 possesses two MORF-binding sites, with one consisting of the Nterminal 373 residues and the other located within residues 374 ± 440 (Figure 3 ). The latter is the stronger binding site in vivo (Figure 3e ). Finally, consistent with its signi®cant sequence similarity to Runx2, Runx1 interacts with the SM domain of MORF (Figure 3f) . Therefore, the SM domains of MOZ and MORF mediate the speci®c binding to Runx2 and its homologue Runx1.
Regulation of Runx2 by MOZ and MORF
Physical association of MORF with Runx2 suggests that MORF may regulate the function of Runx2. Since numerous transcription factors have been shown to be acetylated and regulated by HATs (Kouzarides, 2000; Sterner and Berger, 2000) , we tested whether MORF acetylates and regulates Runx2. Under the conditions employed, no acetylation of Runx2 by MORF was detected (Figure 4) , and Flag-Runx2 had minimal eects on the HAT activity of MORF (data not shown). On the other hand, overexpression of the SM domain of MOZ or MORF potentiated Runx2-dependent transcriptional activation in dierent cell lines ( Figure 5 ), and residues 374 ± 440 of Runx2 appeared to be essential for the potentiation (data not shown). Moreover, endogenous MORF was shown to be required for transcriptional activation by Runx2 ( Figure 6 ). Therefore, Runx2 may recruit MORF (or MOZ) to speci®c promoters to activate transcription in vivo (Figure 6a ). Independently, another group has recently discovered that MOZ stimulates transcription mediated by Runx1 (Kitabayashi et al., 2001a) . Together these studies provide strong support for the notions that MOZ and MORF function as transcriptional coregulators (Champagne et al., 1999 (Champagne et al., , 2001 ).
Residues 374 ± 440 of Runx2 constitute the major MORF-binding site in vivo (Figure 3e ). This region is highly conserved in Runx1 and contains a PPxY motif that may mediate the binding to the transcriptional coactivators YAP65 and TAZ (Yagi et al., 1999; Kanai et al., 2000) . Moreover, Runx1 interacts with the transcriptional coactivator p300, and the p300-binding site is located at a region corresponding to residues 374 ± 440 of Runx2 (Kitabayashi et al., 1998) , so Runx2 may also bind to p300. Through its C-terminal part, Runx2 interacts with the transcriptional activator HES-1 (McLarren et al., 2000) . Therefore, Runx2 may recruit multiple transcriptional activators. This may be one reason that dominant-negative inhibition, antisense inhibition or RNA interference did not have more dramatic eects (Figure 6 ).
Both MOZ and MORF possess HAT activities (Champagne et al., 1999 (Champagne et al., , 2001 ), so they may regulate transcription through acetylating chromatin. How their HAT and SM domains coordinate with each other to regulate Runx2-dependent transcription in vivo is an interesting issue that awaits further investigation. The conclusion that Runx2 recruits MORF to activate transcription does not exclude the possibility that MORF may function with other transcription factors. Besides its HAT and SM domains, MORF possesses additional modules (e.g. PHD ®ngers, Figure 1 ) that may mediate its binding to other transcription factors. Furthermore, MOZ and MORF are widely expressed in adult human tissues (Borrow et al., 1996; Champagne et al., 1999) and Querkopf mice possess multiple defects (Thomas et al., 2000) . It would be interesting to identify other transcription factors that also recruit MORF (or MOZ) as a transcriptional coactivator.
Regulation of MORF by Runx2
Physical association of MORF with Runx2 also suggests that Runx2 may regulate the function of MORF. Consistent with this, exogenous expression of Runx2 inhibited transcriptional activation by the SM domain of MORF in 293 cells (Figure 7) . The L175D point mutant of Runx2 was found to have a similar inhibitory eect (data not shown), suggesting that the inhibition by Runx2 is independent of its ability to activate transcription. Moreover, Runx1 was shown to have similar eects (data not shown). Besides roles as transcriptional activators, Runx1 and Runx2 are also known to function as repressors. When arti®cially recruited to promoters by the Gal4 DNA-binding domain, Runx2 has been reported to function as a repressor (Aronson et al., 1997) . Through its Cterminal end, Runx2 recruits the Groucho/TLE family of transcriptional corepressors to inhibit transcription (Thirunavukkarasu et al., 1998; McLarren et al., 2000) . Runx1 has been shown to repress transcription from the p21 Waf1/Cip1 promoter by recruiting the Sin3A deacetylase complex . Related to this, MORF possesses a weak repression domain at its N-terminal end (Champagne et al., 1999) . Therefore, it is tempting to propose that Runx2 binds to MORF and inhibits transcription mediated by other transcription factors that interact with MORF ( Figure  7c , lower part).
Roles of MOZ and MORF proteins in oncogenesis
The results presented herein also shed light on how MOZ and MORF may contribute to oncogenesis. First, Runx2 functions as a novel oncogenic eector for T-cell lymphoma (Vaillant et al., 1999; Blyth et al., 2001) . Since Runx2 interacts with MOZ and MORF, their expression levels may aect role of Runx2 in the development of T-cell lymphoma. Second, Runx1 is an important regulator of fetal liver hematopoiesis, and its gene is frequently rearranged in leukemia patients (Speck et al., 1999; Westendorf and Hiebert, 1999) . The SM domain of MORF interacts with Runx1 ( Figure  3f ) and positively regulates its transcriptional ability (data not shown), so expression levels of MORF and its homologue MOZ may aect roles of aberrant Runx1 proteins in leukemogenesis. Finally, the MOZ and MORF genes have been found to be rearranged in leukemia patients (Figure 1 ) (Borrow et al., 1996; Carapeti et al., 1998 Carapeti et al., , 1999 Liang et al., 1998; Chaanet et al., 1999 Chaanet et al., , 2000 Jacobson and Pillus, 1999; Panagopoulos et al., 2000 Panagopoulos et al., , 2001 Kitabayashi et al., 2001b) . A common feature of the chromosomal rearrangements involved is that they generate aberrant proteins with the SM domain of MOZ or MORF replaced by the C-terminal part of CBP, p300 or TIF2. The SM domains associate with Runx2 (Figure 2 ), so these chromosomal abnormalities may deregulate MOZ-, MORF-and/or Runx2-dependent gene expression.
In summary, as two unique members of the MYST acetyltransferase family, MOZ and MORF interact with Runx2 through their C-terminal SM domains. MORF stimulates Runx2-dependent transcriptional activation, whereas Runx2 negatively regulates the transcriptional activation potential of MORF. Further investigation of how MOZ and MORF modulate expression of genes controlled by Runx2 and its homologues should shed light on the molecular mechanisms whereby MOZ, MORF and Runx proteins regulate cell proliferation and dierentiation in vivo.
Materials and methods
Materials
Expression plasmids for MOZ, MORF and some of their deletion mutants have been described previously (Champagne et al., 1999 (Champagne et al., , 2001 . Additional mutants were generated by PCR with Expand thermostable DNA polymerase (Roche). The luciferase reporter Gal4-tk-Luc has been described (Champagne et al., 1999) . In the reporter 6OSE2-Luc, the luciferase gene is under the control of six tandem copies of osteocalcin-speci®c element 2 (OSE2) (Ducy and Karsenty, 1995) . The reporter OG2-Luc contains a mouse osteocalcin promoter fragment (7174/+13) upstream from the luciferase gene (Ducy and Karsenty, 1995) . Mammalian expression plasmids for mouse Runx2 and human Runx1b (a Runx1 isoform) have been previously described (Ducy and Karsenty, 1995; Thirunavukkarasu et al., 1998; McLarren et al., 2000 McLarren et al., , 2001 . A 1.6-kb BamHI fragment consisting of 5'-UTR and the coding sequence for residues 1 ± 362 of human MORF was cloned into pLXSN to generate sense and antisense constructs.
Expression of MORF and Runx2 in insect cells
Flag-tagged MORF was expressed in and puri®ed from Sf9 cells as previously described (Champagne et al., 1999) . Flagtagged Runx2 was expressed in Sf9 cells via a bacmid generated with the Bac-to-Bac baculovirus expression system (Gibco ± BRL), and the expressed Runx2 protein was anitypuri®ed on M2 agarose (Sigma). For purity assessment, puri®ed Flag-MORF and Flag-Runx2 were resolved by reducing SDS ± PAGE and stained with Coomassie Blue R-250 (Bio-Rad).
Protein ± protein interaction assays
For analysis of in vitro interaction between MORF and Runx2, Sf9 extracts containing Flag-MORF were incubated with M2 agarose and unbound proteins were removed by extensive washing with buer B (20 mM Tris-HCl (pH 8.0), 0.15 M KCl, 10% glycerol, 5 mM MgCl 2 , 0.1% NP-40 and protease inhibitors). Agarose beads were then incubated with Runx2 synthesized in vitro in the presence of L-[ 35 S]methionine (Amersham Pharmacia Biotech) by use of the TNT-T7 coupled reticulocyte lysate system (Promega). After agitation at 48C for 30 min, the beads were washed four times with buer B, and bound proteins were subsequently analysed by reducing SDS ± PAGE and autoradiography. In vitro MBP binding and co-immunoprecipitation assays were carried out as described .
HAT assays
Puri®ed Flag-Runx2 (0.2 mg) was mixed with Flag-MORF (0.05 mg) in a 20 ml reaction containing 50 mM Tris-HCl pH 8.0, 10% glycerol, 1 mM DTT, 0.1 mM EDTA, 1 mM PMSF, 10 mM sodium butyrate (Sigma) and 2.5 nCi [ 14 C]acetyl-CoA (51 mCi/mmol; Amersham Pharmacia Biotech) and processed as described (Mizzen et al., 1996; Champagne et al., 1999) .
Reporter gene assays
For these assays, plasmids were prepared using double CsCl ultra-centrifugation, butanol extraction and ethanol precipitation. Transfection and reporter assays were performed as described (Champagne et al., 1999; Wang et al., 1999) .
